Abstract: We develop a bistable smart window based on mixture of negative dielectric nematic liquid crystal, chiral dopant, and chiral ionic liquid (CIL). The developed smart window is driven by dual-frequency modulation, where the transparent state is turned ON under an electric field with high frequency (4 kHz), and the scattering state is switched ON by an electric field with low frequency (20 Hz). The dual-frequency characteristics of the proposed smart window have been extensively investigated. This smart window has intrinsic features including dual-frequency modulation, simple fabrication process, and excellent stability. This smart window is capable of practical use in modern life as a building wall, sunroof, and curtain-free window.
Introduction
The smart window, which can enable a change of the transmittance of light dynamically through an external electric field, has attracted a lot of research interests in recent years [1] - [3] . Specifically, two optical states, i.e., transparent state and scattering state, can be directly switched by different electric fields. The applications of smart window include buildings [4] , sunroofs [5] , cars, and airplanes [6] , where the brightness or temperature of indoor environment can be electrically controlled. Besides, the smart window has also been integrated with solar cells or light emitting diodes [7] , [8] .
There are two types of commercial liquid crystal based smart windows: polymer dispersed liquid crystal (PDLC) smart window and polymer stabilization liquid crystal (PSLC) smart window. In both PSLC and PDLC smart windows, the transparent state corresponds to the homeotropic (H) texture that requires a high electric field. However, in the LC layer, the H texture is a quasi-stable state, instead of a permanently stable state. After the applied voltage is removed, the H texture will transform to helical planar (P) state if the voltage is removed directly or focal conic (FC) state if the voltage decreases slowly [9] . Therefore, a persistent external voltage is required to keep high visibility of the transparent state [10] . Additionally, it costs a relatively big amount of electricity in commercial applications and the existence of high voltage will be a potential danger to people.
Recently, the bi-stable smart window has attracted intense attention due to low energy consumption and safe driving method, which can overcome the drawbacks of the instability of previous smart windows. Several bi-stable smart windows based on PSLC technique have been proposed using such as double-sided multi-terminal electrode driving system, electro-thermal modulation, and azobenzene material [11] . Bi-stable and multi-stable smart windows based on dual-frequency cholesteric liquid crystals have also been demonstrated [12] , [13] . Ions have been doped into the cholesteric liquid crystal (CLC) to electrically control the behaviors of CLC molecules and thus form the bi-stable states of smart window. The doped ions can response to low-frequency voltages and distort the periodic arrangement of CLC molecules, resulting in scattering state. In contrast, the doped ions cannot be driven by high-frequency voltages and the CLCs will stay in the periodic helical structure, resulting in transparent state. The direct switching between transparent state and scattering state has already been demonstrated [14] - [16] . However, the studies on dual-frequency characteristics of the ions doped CLC smart window are preliminary and are far from fully explored.
In this study, we develop a dual-frequency switchable smart window using a composite of negative dielectric nematic liquid crystal, chiral dopant and chiral ionic liquid. Characteristics including electrooptical response, frequency modulating range and threshold, optical transmittance, stability and temporal effect of proposed smart window have been experimentally demonstrated. Comparing to previously reported ions doped CLC smart window, our device features faster response time from scattering state to transparent state and narrower modulation frequency range, which are significant technology improvements for its practical application in items such as building walls, sunroofs, and curtain-free windows.
Experimental Details
The liquid crystal mixture used in our experiment consists of 83.5 wt% negative dielectric nematic liquid crystal (NLC, BHR28000-400, BaYi Space Liquid Crystal), 15 wt% chiral material (S-811, Merck) and 1.5 wt% chiral ionic liquid (CIL, 1-butyl-3-methynidazolium L lactic acid, Shanghai Chengjie Chemical Co. LTD). The dielectric and optical anisotropy parameter of the LC BHR28000-400 were ε = −9.6 (ε // = 7.5, ε ⊥ = 17.1) and n = 0.237 (n o = 1.741, n e = 1.504). The helical twisting power (HTP) of S-811 and CIL in BHR28000-400 were 7.9 μm −1 and 7.6 μm −1 , respectively. The CIL-doped CLC (CILC) material was stirred for 30 minutes to ensure complete dissolution, and then injected into an empty LC cell made by assembling two pieces of indium tin oxide (ITO) glass. The ITO glass had no alignment layer on it, and no post-treatment was applied. The thickness of LC cell is 10 μm and cell dimension is 12 mm × 12 mm. A function generator (DG4102, RIGOL) and power amplifier (MODEL 615-3, Trek) were used to supply frequencymodulated voltages to drive the device. The optical images of LC textures were observed under a polarized optical microscope (POM) (Eclipse Ti-U, Nikon). A liquid crystal display (LCD) tester (ZKY-LCDEO-2, ZKY) with a white light source was employed in electro-optical measurements. An infrared spectrophotometer (DSR100 series, Zolix) was used to measure the transmittance spectrum. And time dependent electro-optical response of the LC cell was studied by a homemade system composed of an oscilloscope (DPO2022B, Tertronix) and the LCD tester.
All the measured data of transmittance in this work were recorded after the removal of applied voltage (which was applied for 2 seconds) and transmittance was stable. The samples were held in the middle of LCD tester light source and detector. And the optical images, pictures were taken also after applied voltage was switched off. Exceptionally, the real-time switching transmittance was obtained under the persistent electric drive.
Results and Discussion
The P texture and FC texture are two basic states in CLC device, which can be controlled by employing different electric fields. In P texture, the CLC molecules assembly form helical structure with elongated molecules twisting spatially around the helical axis, which are perpendicular to the plane of the cell. The incident light can pass through the CLC layer directly, resulting in a high transmittance of device. Such periodic helical structures reflect light at the wavelength of λ 0 =np according to Bragg reflection [9] , wheren is the average of extraordinary refractive index (n e ) and ordinary refractive index (n o ) of liquid crystal material, and p is the pitch and refers to the distance of a period of helix across orthogonal axis, over which the LC molecules twist 360°. In our CILC device, we can derive the helical pith to be 770 nm and the reflected wavelength to be 1270 nm. The reflectance is in infrared range, thus leads to a transparent state for visible light. In contrast, when the CILC device is in FC texture, the regular arrangement of helical structure is distorted and transformed to a poly-domain structure, leading to a scattering state where the incident visible light is scattered to random directions. Fig. 1(a) shows the schematic illustrations of the fabricated CILC cell transition between transparent state (corresponding to P state) and scattering state (corresponding to FC state), respectively. The green and yellow arrows represent the incident and output light, respectively. Once an electric field at high frequency (4 kHz, 20 V/μm) is applied, the negative dielectric CLC molecules are polarized perpendicular to direction of electric field and self-assembly organize in a P texture. Consequently, a high transparency is obtained. Conversely, when an electric field at low-frequency (20 Hz, 6 V/μm) is used to excite ions, the LC layer is switched to FC texture, which scatters incident light in randomly directions. Additionally, the direct switching between transparent state and scattering state can be modulated by applying these different electric forces. The corresponding optical images are observed at polarizing optical microscope (POM). Fig. 1(b) displays the initial state of as-fabricated CILC cell, where LC molecules form P texture with very thin boundaries. The homogeneous state of CILC molecules indicates good solubility of CIL in the LC mixtures. In Fig. 1(c) , P texture with small crystalline boundaries was observed after the device was driven by high-frequency voltage, corresponding to high transparency (∼60%). However, such small crystalline boundaries are aggregated by cohesive force from doped ions, which results in a drop of transmittance when compared with the initial state (∼72%). In Fig. 1(d) , a stable FC texture was retained after removal of external electric source for a considerable period, indicating that the ions induced FC state was permanently stable. Fig. 2 plots the electrical responses of smart window versus different electric fields. It is noted that the transmittances of CILC smart window are measured after the removal of the applied voltage. In the Fig. 2(a) , the smart window is initially set in FC state with low transmittance less than 15%, and then driven by voltages at different frequencies. When applied electric field (with frequency of 1 kHz and 2 kHz) increased from 0 to 25 V/μm, the transmittances only slightly increased to 20%. In contrast, when electric field (with frequency of 4 and 5 kHz) increased from 0 to 25 V/μm, Fig. 2 . Electric field dependent transmittance of CILC device in transitions (a) from scattering FC state to transparent P state at high frequencies (4∼5 kHz) and (b) from transparent P state to scattering FC state at low frequencies (20∼100 Hz). All data were collected when the CILC states were stabilized after removal of external voltage. Fig. 3 . Frequency dependent optical transmittance of CILC cell from FC texture to P texture (black curve) and from P texture to FC texture (red curve). The applied electric fields are 6 V/μm at frequencies of below 1 kHz and 20 V/μm at frequencies of above 1 kHz, respectively. the transmittance is increased significantly to 60% and leads to transition from scattering state to transparent state. The threshold is 5 V/μm. In Fig. 2(b) , the smart window was in transparent state initially. When electric field (with frequency of 4 and 5 kHz) increased from 0 to 25 V/μm, the transmittance of sample keeps unchanged. In contrast, when electric field (with frequency of 20 Hz and 100 Hz) increased from 0 to 25 V/μm, the transmittance is dramatically reduced from 60% to 15%, leading to a transparent-scattering transition. The threshold is 2 V/μm here. It is noted that the electric voltage to drive transparent state is much larger than scattering state. This is because the existence of excessive ions shows strong cohesive force to LC molecules. On the contrary, the excellent scattering state is formed due to the same effect. We also pass this blame to the amplifier we used in the experiment, of which the loaded output would be reduced as frequency increased, but the real correlation could not be confirmed.
The underlying mechanism of dual-frequency behavior of CILC is explained by following. When a low-frequency alternating current (AC) voltage is applied, the doped ions will dynamically move along different directions with the change of direction of electric fields, leading to a distorted periodic structure of CLC molecules thus FC texture that scatter incident light. When a high-frequency AC voltage is applied, there is no impact on ions because the electric field changes in a fast speed that confines ions in the original position. A helical structure, and, thus, the transparent state, is finally formed by CLC molecules from distorted structure. Fig. 3 plots the frequency dependent optical transmittance of CILC cell from FC texture to P texture (black curve) and from P texture to FC texture (red line). The applied electric fields are 6 V/μm at frequencies of below 1 kHz and 20 V/μm at frequencies of above 1 kHz, respectively. In our work, a modulation window (∼4 kHz) is declared and frequency threshold is at 2 or 4 kHz. In between 2∼4 kHz, due to regional interaction between LC molecules and ions, a part of helical structures will be transformed to poly-domain FC structures and result in transmittance between 25∼60%. The transition from P state to FC state is highly overlapped with the transition from FC state to P state, indicating there is weak hysteresis effect in this device. Different from previous work on azobenzene material doped LC light shutter where obvious hysteresis phenomenon due to effective ion transport, CILC in this work is driven by AC electric field, which will not cause the ion accumulation in any side in the cell. In addition, a weak hysteresis is caused by random movements depending on initial state of the LC molecules.
It is worth noticing that a narrow modulation range of 4 kHz is achieved in our experiment, which is not unclear in previous studies. To optimize the performance of the smart window, 20 Hz and 4 kHz are selected as the driven frequency in following experiment.
The switching capability and photographs of the CILC smart window in scattering and transparent states are displayed in Fig. 4(a) . The developed CILC based smart window was placed upon a paper with letters "SUSTC" on it and the vertical distance between paper and sample was 1 cm. On the left side, the CILC device in scattering state highly scattered the incident light and lead to a relatively low stable transmittance of 12%, through which the letters were blocked. The transmittance was relatively lower than previous ion-doped LC smart window with transmittance of 20%, and even the electrode-optimized PSCT smart window with particularly low transmittance of 13%. On the right side, the CILC device in transparent state was transparent to incident light, where the transmittance was around 60% and the letters of "SUSTC" could be seen through the cell. The transmittance in transparent state can be improved if mismatch of refractive index between CILC materials and ITO layer can be reduced. In both states, the external electric fields were removed once the transition of state completed, indicating that the CILC smart window were bi-stable device. Comparison with PSCT smart window, the switching between scattering state and transparent state could be dynamically controlled by a dual-frequency modulation without the aid of high-field H state. In switching, the scattering state was turned on by a low-frequency electric field (20 Hz, 6 V/μm), where the transparent state was triggered by a high-frequency electric field (4 kHz, 20 V/μm). The uniformity is quite good as shown in Fig. 4(a) . Fig. 4(b) shows the transmittance of smart window in an infrared region (1000∼1500 nm) measured by an infrared spectrophotometer (DSR100 series, Zolix). The red and black curves show the transmittance spectra of P state and FC state, respectively. The blue curve in the inset image represents the intensity of reference light. In both P state and FC state, the transmittance of the infrared light are reduced by the CILC smart window comparing to the reference light, which is mainly due to blocking of the LC film. At P state, a notable decrease in light transmittance can be observed in the range of 1250∼1350 nm, indicating the Bragg reflection band is formed. The calculated center reflection wavelength is about 1270 nm, which slightly differs from our measured result because the CIL has the same handedness to S811 and the addition of CIL reduces the pitch of CLC. In this region, light with polarization along the helical rotation would be strongly reflected according to Bragg reflection. The high reflectance at infrared light helps block heat from transmitting across smart window and could reduce the use of air-condition in summer. At FC state, only a very small portion of incident light passes through the device due to irregular scattering.
One of the major concerns in smart window is its stability. In reverse mode PDLC and PSLC, although the scattering state is stable, the transparent state is represented by H texture at high electric field and unstable. Once the applied voltage is removed, the initial H texture will degrade to a FC texture or P texture depending on the modulation strategy of removing external voltage, causing a severe fluctuation of transmittance. And due to the polymer constructed droplets, the LC periodic structures are confined and transmittance is limited. In our experiment, the CILC smart window displayed transparent at few-crystalline-boundaries P texture and scattering state at ions induced FC texture. Another novelty of ion doped LC smart window is its stability. Fig. 4(c) plots the temporal fluctuation in transmittance of the CILC smart window at P state (red curve) and FC state (black curve). It shows very slightly fluctuation of transmittance after removal of voltage. We have extended the test time to 100 hours and the transmittance stays very stable.
We also studied the time dependent electro-optical responses of the CILC smart window using a home-made system composed of an oscilloscope and a LCD tester. The turn-off (a) and turn-on (b) response curves verse time are depicted in Fig. 5 . The response time is defined as the time interval between 10% and 90% of transmittance difference of maximum and minimum. The response time for switching from scattering state to transparent state at 10 kHz (20 V/μm) is 1.55 ms, as shown in Fig. 5(a) . The inverse switching from transparent state to scattering state at 20 Hz (6 V/μm) is 0.89 s, as shown in Fig. 5(b) . Compared with previous study reported in [14] , our work shows following improvements: 1) Simpler process is claimed in our work, while the referenced work requires a rubbing treatment for substrates; 2) the turn-off response time of our device is reduced by at least 1000 times to 1.55 ms while turn-on response time is reduced more than 10 times to 1.29s; 3) the dual-frequency characterization is declared, indicating a clear modulating frequency window and frequency threshold; 4) the stability of two states has been investigated, confirming the stability of device after the removal of external voltages. Notably, the turn-off switching exhibits a very short response time of 1.55 ms, which is because ionic liquids drag NLC helixes to break down and tilt with large kinetic energy. Therefore, the transition from P state to FC state is relatively fast. It is noted that the response time of turn-on switching from scattering state to transparent state (0.89 s) is much larger that the turn-off process (1.55 ms). The cooperative motion effect from ions induces great adhesion force on CLC molecules to hinder the rearrangement of CLC molecules from a distorted state to regular helical structure. Under a high-frequency electric field, the CLC molecules need to gain kinetic energy and conquer the resistance from ionic liquids and thus response very slowly to form planar texture. This delay time can be shortened by using LC material with larger dielectric anisotropy or ions with less mass in ions liquid, where the LC molecules can gain larger movement under electric field and the ionic liquids will have less adhesion effect on LCs so that the turn-on switching can be improved. To reduce the applied voltage and improve the transmittance of window in transparent state, pre-treatment of liquid crystal cell before injection LC mixture can be applied. For example, a homogenous alignment film on the ITO glass can improve the anchoring effect for liquid crystal molecules and lead to a smaller anchoring angle of LC molecules, which can improve the transmittance in P state. Here, smaller anchoring angles are favored because a planar arrangement of LC structures that are more parallel to the substrates is obtained. It will reduce the driving voltage and improve transparency in P state.
Conclusion
In summary, a dual-frequency switchable smart window based on chiral ionic liquid doped cholesteric liquid crystal has been demonstrated. A direct switching of CIL-doped CLC between transparent state (transmittance of 60% at P texture) and scattering state (transmittance of 12% at FC texture) is achieved by high and low frequency electric fields. The dual-frequency characteristics of proposed smart window have been fully investigated experimentally and the modulating frequency threshold is about 2∼3 kHz. The turn-off response time of our device is reduced by at least 1000 times to 1.55 ms while turn-on response time is reduced more than 10 times to 1.29 s. The stability of the device retains for over 100 hours in experiment. This smart window has intrinsic features including feasible optical on/off contrast, fast response time, simple fabrication process, and excellent stability. This smart window is capable of practical use in modern life as a building wall, sunroof, and curtain-free window.
